We learn a setting of the model parameters that aims to optimize
Once a model is learned, each nucleotide is assigned to the state with maximum the typical use of ChromHMM in three main respects: (1) the observation for each feature 1 2 0 comes from a three-way multinomial distribution as opposed to a Bernoulli distribution, (2) it is To apply ChromHMM in the context of three-way multinomial distributions, ConsHMM 1 2 6
represents the three possible observations at position i for a species j with two binary variables, 1 2 7 6 y ij and z ij , corresponding to aligning and matching the reference genome respectively. y ij has the 1 2 8
value of 1 if the other species aligns to the reference with a non-indel nucleotide and 0 1 2 9
otherwise. z ij has the value of 1 if the other species has the same nucleotide as the reference 1 3 0 sequence and has a value of 0 if the other species has a different nucleotide present than the 1 3 1 reference. In the case in which y ij =0, there is no nucleotide to compare to the reference and that 1 3 2 value of the z ij variable is considered missing (encoded with a '2' for ChromHMM). If the value of to the probability that at a given position in state k, species j aligns to the reference genome with 1 3 7 a non-indel nucleotide that is P(y i,j =1| ‫ݏ‬ =k). g k,j corresponds to the probability that at a given 1 3 8 position in state k, species j matches the reference genome conditioned on species j aligning 1 3 9
with a non-indel nucleotide that is P(z i,j = 1| y i,j =1 and ‫ݏ‬ =k). This representation is equivalent to 1 4 0 the three-way multinomial distribution, (p k,j,1 , p k,j,2 , p k,j,3 ) described above where p k,j,1 = P(y i,j =1, (1-g k,j ), and p k,j,3 = 1 -f k,j . Our method and software can be applied to any multiple species sequence alignment 1 4 6 which is available in multiple alignment format (MAF) or which can be converted into this format. of observing a specific combination of observations is determined by a product of independent 3 4 1 multinomial random variables. The parameters to the distributions of these multinomial random 3 4 2 variables will differ between states and are learned from the data. After the model is learned, ConsHMM builds on ChromHMM 31 , which has previously been applied to annotate nucleotide resolution based on a multiple species DNA sequence alignment (Methods). We These three nucleotide positions correspond to the positions of the canonical 3' splice site 3 9 8 sequence that is highly conserved throughout vertebrates. 46 At the ends of exons of protein 3 9 9
coding genes ( Fig. 3b) probabilities through many vertebrates and lower match probabilities, showed the inverse 4 0 5 oscillation pattern to state 1 ( Fig. 3a, Supplementary Fig. 10a-c) . Relative to TSS of protein coding genes, state 28 had the strongest enrichment reaching 4 0 7 a maximum enrichment 30 fold at the TSS (Fig. 3c) Fig. 10f ), which had high align 4 1 6
and match probabilities for almost all vertebrates except for fish.
1 7
Relative to pseudogene exon starts and ends, states 100 and 82, both associated with 4 1 8
alignability to distal vertebrates without many mammals closer to human, had strong 4 1 9 enrichments peaking at greater than 100 and 38 fold respectively ( Supplementary Fig. 10g,h) .
These two states also showed the greatest enrichment relative to TSSs of pseudogenes 4 2 1 peaking at 184 and 68 fold for states 100 or 82 respectively ( Fig. 3d ) and for TESs of 4 2 2 pseudogenes peaking at 199 and 61 fold respectively ( Supplementary Fig. 10i ).
2 3
Relative to instances of regulatory motifs different conservation states showed single 4 2 4 nucleotide enrichment variation, often associated with variation in the amount of information in 4 2 5 the positional-weight matrix ( Fig. 3e-f and Methods). 43 high align probabilities for most mammals, but high match probabilities only for a few primates, 4 3 0 enrichments peaked at the CG dinucleotide in the center of the motif consistent with their 4 3 1 genome-wide enrichments for CG dinucleotides ( Fig. 3e, Supplementary Fig. 11 ). We also observed notable enrichments for states with overall lower align or match probabilities.
Enrichment of conservation states for different gene classes

9
For example, state 89, associated with high alignability and low matching in primates as well as 4 5 0 some alignability and low matching in non-primate mammals, was the state most enriched for 4 5 1 antigen binding (p<10 -14 ; 6.7 fold). This is consistent with antigen binding being associated with 4 5 2 many species, but fast evolving. 48 Enrichments for repeat elements in conservation states 4 5 5
The conservation states showed a wide range of enrichments and depletions (from 2 4 5 6 fold enrichment to 133 fold depletion) for bases overlapping any repeat element ( Fig. 2b, Fig . 4d, Supplementary Fig. 13 ). 21, 34 Despite these subtle differences in the alignment probabilities, these states had substantial 4 7 2 differences in their repeat enrichment profiles. Relationship of conservation states to chromatin states 4 7 5
We compared our conservation states to annotations of the genome based on a 25- types 5,39 ( Fig. 4a, Supplementary Fig. 14 The previous analysis demonstrated that conservation states can exhibit different 4 9 5 enrichment patterns for different chromatin states. We next investigated whether different 4 9 6 conservation states also capture distinct enrichment patterns for a chromatin mark across cell the Roadmap Epigenomics Consortium. 5 We focused on the 21 conservation states that 5 0 0 exhibited at least 2 fold enrichment in at least one sample ( Fig. 4c) . We then row normalized 5 0 1 the enrichments in order to focus on the relative enrichment patterns across cell and tissue of states ( Fig. 4c) . One of these clusters contained 14 of the 21 states and was associated with states, all of which were enriched for CpG islands ( Fig. 2b, Supplementary Fig. 8 ). The samples that showed the greatest enrichment in states in these clusters also had the greatest 5 0 9 enrichment of CpG islands ( Fig. 4c) , but were biologically diverse in terms of the type of cell or 5 1 0 tissue and could potentially reflect technical experimental differences. Relationship of conservation states to constraint based annotations 5 1 3
We next investigated the relationship of our conservation state annotations with calls 5 1 4
and univariate scores of evolutionary constraint. Specifically, we considered constrained 5 1 5 element sets based on four methods (GERP++, SiPhy-omega, SiPhy-pi, and PhastCons) and for hg19 and also defined on Multiz alignments ( Fig. 2b, Supplementary Fig. 15 ). The PhastCons and PhyloP scores and elements we compared to were defined on the same 100- way vertebrate alignment. The available GERP++, SiPhy-omega, and SiPhy-pi score and 5 2 0 elements were derived from different versions of Multiz alignments and only considered 5 2 1 mammals.
2 2
We consistently found conservation states 1-5 to be highly enriched (>9 fold) for all 5 2 3 constrained element sets ( Fig. 2b, Supplementary Fig. 15a ). These states were also among 15b). Consistent with this, states 1-5 were the states that had the highest average matching showed high enrichments for PhastCons elements (15 fold) and high average scores for 5 2 9
PhastCons and PhyloP. This is consistent with this state having high aligning and matching 5 3 0
probabilities primarily in non-mammalian vertebrates and these elements and scores being found that constrained element calls did not have the resolution to exhibit biologically relevant 5 3 6 single nucleotide variation in enrichments around regulatory motifs and exon start and ends as we saw with our conservation state annotations, with the exception of those from PhastCons 5 3 8 ( Fig. 3, Supplementary Fig. 16 ).
3 9
The objective of our conservation state annotations is different than that of binary calls 5 4 0
and univariate scores of evolutionary constraint, which have a more specific and complementary separately for protein coding and pseudogenes ( Fig. 5a-c, Supplementary Fig. 17 ). In almost 5 4 4
all cases the conservation states had greater information available for recovering annotated 5 4 5 gene features. The only exceptions were that PhyloP scores could achieve higher precision at 5 4 6 low recall levels for protein coding exon starts and ends and that SiPhy-pi elements had slightly 5 4 7
higher precision for TSS of protein coding genes at their one recall point.
4 8
We also compared the ability of conservation states to recover bases covered by DHS 5 4 9 sites in specific cell types both genome-wide and restricted to non-exonic bases 5 5 0
( Supplementary Fig. 18 ). For these analyses we generally found that at the same recall level elements depending on their conservation state ( Fig. 5d, Supplementary Fig. 19 ). For non-exonic regions ranged from 0.3 to 10.1 fold depending on the conservation state. Additionally, we saw cases where certain states had greater enrichments for DHS for their bases not in a constrained element compared to bases in a constrained element in other states.
6 1
On the other hand, constrained element calls offered additional information as we observed that 5 6 2 2 3 in most cases, for a given conservation state, bases that were in a constrained element call had 5 6 3
greater enrichment for DHS than those that were not.
6 4
We also analyzed the enrichments of our conservation states for previously defined 5 6 5
nine-subsets of PhastCons constrained non-exonic elements (CNEEs) based on a directed 5 6 6
phylogenetic approach that assigned each element to a phylogenetic branch point of origin 5 6 7
( Supplementary Fig. 20a ). 22 This demonstrated in some cases the heterogeneous nature of 5 6 8
the resulting assignments when relying on directed phylogenetic partitioning approaches. For example bases in elements assigned to originating at the branch point of the Tetrapod clade 5 7 0 showed a 37 fold enrichment for state 2, as would be expected since state 2 is associated with 5 7 1
aligning and matching through all vertebrates except fish, but an even greater enrichment (51 same alignment as the conservation states ( Supplementary Fig. 20b ). Enrichment of conservation states for human genetic variation 5 7 7
Previous analyses have found a depletion of human genetic variation in evolutionarily 5 7 8 constrained elements. 7 Consistent with that, the greatest depletion (3.3 fold depletion) of 5 7 9
common SNPs from dbSNP is in state 1, the state most enriched for constrained elements. the range 5 to 8 fold for common SNPs. These were also the six states with greatest enrichment 5 8 2 of CG dinucleotides ( Supplementary Fig. 11 ). These six states have in common that they show 5 8 3 high align probabilities for most primates, but low match probabilities for some of those same 5 8 4
primates. These states are thus associated with substantial variation both among primates and When analyzing the enrichment of GWAS catalog variants 36 relative to the background 5 9 0 of common SNPs we saw opposite enrichment patterns for these states (Fig. 6a,b ). For 5 9 1 example, relative to this background, state 1 was most enriched for GWAS catalog variants,
which is consistent with previous observations of constrained elements enriching for GWAS 5 9 3 variants. 7 On the other hand, states 55-57 and 87-89 showed the greatest depletion. These results suggest that common variants are less likely to be phenotypically significant if they fall in 5 9 5
conservation states most enriched for common genetic variation. Conservation states capture similarities and differences between context-dependent tolerance 5 9 8 score and inter-species constraint in humans 5 9 9
A recent study defined a context-dependent tolerance score (CDTS) based on the local prioritized by GERP++. We used our more detailed conservation state annotations to better 6 0 4
understand the relationship between bases prioritized by CDTS and those falling in GERP++ 6 0 5 defined constrained elements (Figure 6c, Supplementary Fig. 15a, 21b the state strongly associated with annotated promoters of protein coding genes (Fig 3c) and
CpG islands (32.1 fold) while state 2 was the state most strongly enriched for candidate Islands (1.5 fold) (Figure 6c ). These and other state enrichments highlight specific cross- We thank Ewan Birney and members of the Ernst lab for useful discussions. We Multiz 100-way alignment to hg19 reference: Xu, H., Zang, C., Farh, K., et al. (2015) . Partitioning heritability by functional annotation using Genet. 46, 310-315. Hum. Genet. 102, 1-12. 28. Villar, D., Berthelot, C., Aldridge, S., Rayner, T.F., Lukk, M., Pignatelli, M., Park, T.J., Mammalian Species. Cell 160, 554-566. Unsupervised pattern discovery in human chromatin structure through genomic segmentation. Nat. Methods 9, 473-476. With the Threaded Blockset Aligner. Genome Res. 14, 708-715. Markov models. Fine-Mapping Studies. PLoS Genet. 10, e1004722. species alignment, which is illustrated for a subset of 6 species aligned to the human sequence. At each position and for each species ConsHMM represents the information as one of three together illustrate that positions of nucleotides that have the same status in terms of being in a 8 9 0 constrained element or not or have similar constraint scores can be assigned to different 8 9 1
conservation states depending on the patterns in the underlying multiple-species alignment. the human sequence, which is one minus the probability of the not aligning emission. Analogously, the right half of the heatmap gives the probability of observing the matching displayed in Supplementary Fig. 5 . For both halves species are grouped by the major clades 9 0 0 and ordered based on the hg19.100way.nh phylogenetic tree from the UCSC genome browser, 9 0 1 with species that diverged more recently shown closer to the left. 21 The conservation states are 9 0 2 ordered based on the results of applying hierarchical clustering and optimal leaf ordering. 41 The 9 0 3 states are divided into eight major groups based on cutting the dendrogram of the clustering. The groups are indicated by color bars on the left hand side and a white row between them. Transition parameters between states of the model can be found in Supplementary Fig. 6. (b) 9 0 6
The columns of the heatmap indicate the relative enrichments of conservation states for 9 0 7 external genomic annotations (Methods). For each column, the enrichments were normalized to 9 0 8
3 5 a [0,1] range by subtracting the minimum value of the column and dividing by the range and 9 0 9 colored based on the indicated scale. Values for these enrichments and additional enrichments 9 1 0 can be found in Supplementary Fig. 8 and Supplementary Table 2 and enrichments for 9 1 1 individual repeat classes and families can be found in Supplementary Fig. 13 . Kellis (2014), which excludes coding, 3'UTR, and repeat elements. Additional position 9 2 6 enrichment plots can be found in Supplementary Fig. 10 . conservation state is associated with its top 5% genes based on promoter regions (Methods).
3 6
Only GO terms which were the most enriched term for some conservation state are shown, 9 3 7
restricted to the top 10 terms based on the significance of the enrichment. Only conservation 9 3 8
states that had the most significant enrichment for one of the displayed GO terms are shown, terms are in Supplementary Fig. 12. (c States and experiments were then hierarchically clustered and revealed two major clusters. In repeats next to the state align probabilities for primates. These states all had low align 9 5 0 probabilities outside of primates, but their differences among primates corresponded to 9 5 1 substantial differences in repeat enrichments. Precision-recall plots for recovery of (a) TSS of protein coding genes, (b) TES of protein coding Human  T  T  T  C  C  T  G  A  C  T  T   Chimp  T  T  T  C  C  T  G  A  C  T  T   Bushbaby T  C  T  G  C  T  T  C  C  T  T   Rat  -C  T  T  C  T  G  A  A  T  T   Alpaca  ---C  C  T  T  G  C  A  T   Megabat  T  C  -C  C  T  G  A  T  T  T   Parrot  --------- 
